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&: n r  paper d r r o r l b e r  thrrr r t r r t r g l r a  for r d r p t l r r  oomtro l  of 

ad.?tIW c o m t r o l t r r r  rmrnrr chat thr rnd-rffrrtor gorltlosr of botb rrmr trrok 
d r r l r r d  trmjrrtorlrr I m  Crrtrrlrm rpror  d r r p l t r  mmknowm tlmr-rrfy1.S 
lmcrrrctlom forarr rrrrtrd throngh tho lord. In tbr p o r l t l o m - b b r l d  oont ro l  
rtrrtrgy. (Le rdrptlrr r o m t r o l l r r  of 0.0 arm romtro l r  rmd-offrator m0tlO.r i n  
tho fro@ d l r r o t l o m r  rad r p p l l r d  forcrr Im tho oomrtrrlat dlrsct iomr:  whl l r  tbr 
rd.ptlT0 o o n t r o l l r r  of tAr othrr  arm rmrmrrr (bat  tAr mmd-offrator t r a c k *  
d r r l r r d  porltlon t r a j r o t o r l r r .  Im tho b y b r l d - h y b r i d  o o a t r o l  rtrrtrgy. the  
a d r p t l r r  a o n t r o l l r r s  oornrr t h a t  botA r n d - r f f r c t o r r  t rack  rrfrrrnor porltlon 
t r a J r e t o r l r r  ~ b l 1 r  rlmmltrmronrly rpply lng  d r r l r r d  forcri om tho lord. In a11 
tArrr a o n c r o l  s t r r t r # l r r ,  tho  c r o r r - o o n p l l n g  r f f r o t a  b r t w r r m  tho rrmr are 
t r a r t r d  rr  C d I r t n r b r s c r r ‘  whloh rrr r r J r o t r d  by the a d r p t l r r  o o n t r o l l r r r  w h l l r  
f o l l o w l a g  d r r l r r d  commando 1. r aommon frrmr o f  r r f r r r n c r .  Thr r d r p t l r o  
o o n t r o l l r r r  d o  not roqnlrr tho ( l o m ~ ~ m a t b e m r t l o r l  modo1 of tho arm dynrmlcr 
or any kaowlrdgr of tho arm dyarmlo prrrmrtrrr or thr lo rd  p r r r m r t r r r  rncb a s  
m a r s  and r t l f f n r r r .  Tbr  e o a t r o l l o r r  b a r e  8 l m p l r  r trnc tarrr  r a d  arr  
c o m p n t r t l o n r l l y  f r i t  f o r  on-11~: lmpl rmrnt r t lon  w i t h  h lgh  rampling rator. 

O O O W f r t t T r  dU1-r-  robota. 1. t h  g o r l t l O ~ g o @ l t l O ~  romtiO1 rtfrt.gy, t b  
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1. InrrnppuLnP 

During tho part  drcrdr .  robot mrnlpolrtorr hrrr born n t l l l x r d  l a  I n d n r t q  for  prrformlng r l m p l r  tarkr. r n d  
I t  I o  f o r r r r r n  t h a t  l n  t h r  n o i t  f n t n r r  r a t h r o p o m o r p h l c t o b o t r  -111 r r p l r o r  buman oprratorr  I n  c a r r y i n g  oat  
rrrionr complex t r r k r  bo tb  I n  lndnr t ry  rad  l a  h r r r r d o n r  rnr lrournt l .  N r r r r t h r l r r r ,  p r r r r a t - d r y  robots oam be 
a o n r l d r r r d  a t  b e s t  a s  “ h r a d l o a p p r d ”  oprrrtorr due t o  Chair a l n # l r - r r m  rtrnotnrr. It  l r  r r l d r n t  t h a t  
multlplloity o l  robot a r m s  y l o l d a  8rrat .r  d o x t r r l t y  rmd I n c r r r r o d  offlclrnoy and provider  t h e  c r p a b l l i t y  of 
hrndl lng l a r g r r  lordr .  h l - r r m  robots  w i l l  thrrrforr hrrr c a p r b l l l t l r r  .blah may match thoro of rmbldoxt tona 
b u r n  oprrrtorr l a  d r x t r r l t y  and rfflclrncy. 

Tho r r a r r r c h  on d n r l - a r m  r o b o t r  l a  a t  i t a  r r r l y  r t r g r r  a t  t h o  prrrrnt  t lmr.  and f o r  rpprorchra rrr  
c n r r r n t l ~  r r r l l a b l o .  NrkrnO o t  r1.  111 proporr I method f o r  c o n t r o l  of d u a l - a r m  r o b o t s  i n  r m r r t e r / r l a r r  
manerr. I r h l d r  121 c o a r l d r r i  p r r r l l r l  and r o t r t l o n a l  t r a n s f e r  of l o r d r  or lag  d u l - a r m  robots .  P n J l l  and Knrono 
[31 sn##rrt r t rcba lqnr  for  dual-arm c o n t r o l  brrod on tho method of v i r t u a l  rrfrrrnor. Alford  and Brlyon 141 
d r r o r l b e  r mothod f o r  e o o r d l n ~ t r d  oont ro l  of two rrmr. Z b n g  r a d  LnA [5,61 o b t a i n  e o n r t r r l n r d  r r l a t l o n s  and 
c o n t r o l  l s ~ r  for two coordfnuted arms. T B X ~  r t  r1. f71 employ tho o r a c t  l l n o a r l r r t l u n  trchnlqne for dual-srm 
control .  Rayat1 I 8 1  proporrr r method for  c o n t r o l l i n g  dual-arm robots  b r r r d  om prrtltloalng tho lord b r t r r r n  
tho rrmr. Kolro [91 rn8grrtr an a d a p t i r e  cont ro l  t rcbnlqnr  f o r  dnrl-rrm r o b o t s  nrlag t b r  r r l f - t n n l n g  approach 
Llm and Chyong [lo1 d o r c r l b c  r porltlonrl cont ro l  rchrmr for two cooporatla# robot  arms. 

’Ihr c o n t r o l  r r c b l t r c t n r r  conaldr r rd  In  tblr  prprr 11 b r r r d  on the  t r l - l o r r l  h l r r m c h l o r l  cont ro l  of d u a l -  
arm r o b o t r  ra rhorn I n  Plgnrr  1. I n  t h l r  t r l - I r r r l  c o s t r o l  archltrctnrr, t b r  h l g b  10r01 p l a n .  the t a r t  t o  br 
parformod and drcomporrs tho t a r t  l n t o  rpproprlrtr r n b t r r k r  for tho r i g h t  and l e f t  arm#. I n  tho I n t r r m r d l a t r  
l r r r l ,  arch r n b t r r k  1s t r rnr formrd  l n t o  I rrqnrncr of synchronous d r r l r r d  t r rJoator1.r  of end-effector. mot ion .  
and r p p l l r d  forcrr .  The l o r  l i r r l  l r  c o n c r r a r d  w i t h  t b r  rxrc8tloa of t h o  d r r l r c d  trrjrctorirr rad  o m p l o y r  
f r r d b a c k  from t b r  c u r r a n t  r t a t n r  of t h o  rrmr. In t h l r  t r l - l r r r l  h l r r r r e h y ,  t b e  l o w  l o r 0 1  ”rchloror”  c h r  
d r r l r r d  mot ion  and opera tor  I n  “ m l l l t r r c o n h  t h o - r c r l r ,  tbr l a t r r m r d l r t r  l r r r l  “ d r t r r m i n r r ”  the motlon d r r l r r d  
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8x1  C a r t o r l a s  Corlolla a81 oomtrl tm~.l  foro. wootor 

mrl Cortrrlom I r a v l t y  lo rd la8  rrator 

sal Cmrtrrlms frlatlom foro. voctor  

sal rrator of forcoo and torqmor ramrtrd by the  *ad-offootor 
on tho lo rd  



Booraro of tho r l m p l l o l t y  of tho r d o p t r t l o a  Iowa (3 )  - 0). tho robot  o o n t r o l  r l g o r l t A m  00. bo Implorontrd 
.ria# h l j h  rampl la )  rbtor ( t y p l o a l l y  1 ma). Ia raoh r a m p l l a j  porlod (- lmroo) ,  tho 0 0 8 t r O l l O C  #alar 0.8 ohanjo 
r l ) a l f l o r n t l y ;  whoroar tho corms  If. N, 0 ,  8 .  r n d  f In t h o  r o b o t  modo1 (1) oanaot o k a a j o  a o t l o r r b l y .  A l  
rormlt .  I n  d o r l v l s j  rqnrtloar (3 )  - (81, I t  war rrrnmad that thoro t o r r s  are ukaown end 'rlowly t I m ~ - r a r y l a ~ ~  
r o l a t l v o  to thr r d r p t q t l o a  1owr. I t  11 room that tho lnolnsloa of tho  d l r t a r b r a o o  foror f In tho robot  modo1 
(1) door not r f f o a t  tho  c o n t r o l l o r  r d r p t r t l o a  laws ~ I D O O  t ho  ohaair la f over on. r r m p l l a )  porlod 11 r r l r t l r o l y  
a m a l l .  

f L o  r b o r o  rrjnmrnt r u ) j o r t r  t h a t  whrn botA m r n l p a l a t o r  arm* are  o o n t r o l l r d  .ria[ t h o  two ~ r ~ ~ ~ ~ u ~  
adapt  I r e  porltloa controllorr. wo oxpoct tho ord-of fec tor r  t o  track tho dorlrrd porltlon trojootorloe d e s p i t e  
tAr I s t o r a c t l o a  Corcor r a d  t o r q a r r  orrrtsd chromah tho lord. It  mart bo noted tha t  rise. tho lore. 0. tho load 
1 1  aot r c o a t r o l l r d  v a r l r b l o  la t h l r  rohomo. t h l r  r trr toay  oea :rod to  u d a r l r r b l r  load forcer whaa tho p o o l t i o n  
t r r j r o t o r l r r  rro  not planned In ooordlabtloa or rro not trrakad oloroly. 

In t h l r  aoctloa. tho p o r l t l o a - h r b r l d  ooatrnl r tra trgy  for  d u l - a r m  mrnlpalrtorr w i l l  bo r tndlod la r b l c h  
t h o  l r l t  arm I r  1s purr porltion control rad tho r l j h t  rrm is I n  h y b r l d  porltloalforco con t ro l .  r r  rhora In 
FI).rO 4. In other words. Cor tho l o i t  arm, tho rad-of footor  porltlon l a  r o q n l r r d  to  track a dor l rod  trajootory 
l a  frame of r r f o r r a c r .  For t h o  r 1 ) h t  a r m .  Ir  t bo  reme rrfrroaco  frcmm, tho c n a t r ~ t  force b o t w r o d  tho rod- 
Offrotor r a d  t h o  l o r d  mar t  bo coatrollrd l a  tAr dlroetloar o o a r t r r l a r d  by the l o rd .  w h i l o  tAr e n d - o f f r o t o r  
p o r l t l o n  1s t o  bo coatrollod rlmnltaaooarly l a  rho free dlrootlonr. Thlr  oontrol r t r a t r j y  can bo r p p l l o d  whoa 
oao robot  arm 11 oonflaod to  operate only In porltlon c o n t r o l  modo whorror tho other a r m  cam bo c o n t r o l l ~ d  l a  
b b r i d  coatrol modo. 
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In r rooost paper t 1 3 1 ,  a m  rdaptttr foro0 ao8trol  rokomr l r  d o r o l o p r d  T I C A I U  tAo A y b r l d  o o 8 t r o l  
For t h  rl#ht arm. tAo llaorr r d ~ p t l r r  lorso 0 0 8 t r O l  law Is t i e  oo8atrrlat d l r o c t l o a r  10 #Ir*m by rrohltootaro. 

[ l a ]  
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comclodr that o r l a #  tho p o r l t l o r - b b r l d  control rtrrtr#y, the l o f t  rad-rffrotor v t 1 1  track tho drrlrrd 
por1t:or t r r j r c t o r y  drrpttr thr lmtrrrctloa f o r c e r  thromgh thr lord. 30 r i a k t  r 8 d - r f f r c t o r  -111 mxort the 
d r r l r r d  force om the load 1. orrtrlm dlrrottoar .bile rtmmltraroarly trrcktmi the doslrr l  porltlom trajrrtory l m  
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4. 

wlirrr J ( 0 )  I n  tho JroobIam matrix (wlth  r p p r o p r l r t o  O O l U 8  raor&ria# if  uorrrrr).). a d  P,(t) am4 C,(t) aro tkr 
"rlrtul" Cartoolan foroor appl lod  t o  tho od-rffrotor ID tAo ;imrtrrlmt dlrrotlomr 12) 0.d  frro dlrootlomr (TI. 
r rnpoot ivoly.  Aa rhoma 1. P l # u r  9, tho foror oomtrol law 10 #IT.. by 

n o  p o r I t I o m  cont ro l  la. I r  rxpr rerod  
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- -  
a d  (T,,TTl aro doolrod wol&htlm# n t r l o o o .  

n o  a h 0  oomtrollor ahptatiom 10-0 aro oxtromoly almplo. and tkoroforo, tho b b r l d  oomtrol rl#orlthm oam 
bo lm~lomomtod malm# A l f i  O m p 1 h #  rator (Z 1 ma), ylofd181 lmprwod prrformomoo. h d o r  tho rl.ptlrr 4 b r l d  
oomtrollorr. both od-offoocoro or0 o.p.otod t o  exe r t  tho doolrod foro00 08 tho load whllo olmmltruomrly m o r i a #  
08 doolrod trr jootorloo. T%o hbr ld-hybr ld  oomtrol o t r a t o ~  10 moat omitrblo who8 olmmltauomo oomtrol of both 
POOitiOB a81 for00 1s roqmlrod. 

m o o  rdoptlro oomtrol r t ro to# l ro  for oooprratlro dul-arm robot0 aro dooorlbod lm thlr papor. Im thoro 
rtroto#loo, rooh robot am 10 oomrldorod a rmboyrtom of tho t o t a l  ayotom osd 10 oomtrollod mOia# 
a8  OdaptlTO oomtrollor 1. tho l o r  1 0 ~ 0 1  of tho oomtrol hlrrarohy. &oh oomtrolhr o m s u o o  that tho oomtroilod 
vorlabloo follow doolrod oommamdo a d  rojoot uwantmd OrOOO-O08p~h# offootr  from othor omboyotomo whloh are 
t r o a t o d  o r  "dlot8rbam00r." Tho omboy~tomo aro ooordlmatod throall i  t r a j r o t o ~  #omoratoro 18 tho l a to r rod la to  
lorol.  whoro oy~ohromomo do%lrod t ro jootor loo  f o r  both ormo aro opoolflod 1. 0 took-rolotod frame bf 
r o f o r o ~ o .  Am lmportamt f o a t u o  of tho prooomt opproooh 10 thot tho oworall ooat ro l  oyotom for N ooog.ratlro 
o r m o  10 rodmood t o  N dooomtrallrod lmdoprmdomt olm#lo-orm oomtrollorr. Tho 0 0 8 t r O l  oohomoo do mot r o q ~ l r o  
oommmmlootloa omd d o t r  oxohra#o  omoo# l n d l r l d u a l  oontro l loro ,  whloh 10 om appea l in#  foa tmro  from b o t h  
OOlp8tatlO8bl 8ad r o l l a b i l i t y  P O l m t B  Of V 1 0 W .  hrthOrmOr0, aTOllab10 tOOh8iqWO for BkB#lO-.m O O m t Z O l  0.. b0 
m t l l l r ~ d  dlroot ly  1. mmltlplo-orr O m T i Z O U O D t O .  

n o  r*oooroh dooorlbod 10 t h lo  popor w o o  prrformod o t  tho J o t  Propmloloa Loborotory, Collfornla I n o t l t u t o  
of 'Toohnolo#y. u d o r  oomtroot wlth tho Notlosal Aoroumtloo and Sg.oo Admlalotratlom. 

(11 1. Nokomo. S. Orokl, T. I r h l d o  rmd I. Kato: mCoopora t lomal  oomtro l  of tho  omthropomorphomo mralpulotor 
N W . "  hoo .  4 t h  Imtrra. Comf. om I d m o t r i a 1  Roboto, pp. 251-260, 1974. 

121 T. Iohlda:  "Foro. oomtrol la  ooordlaatlom of t w o  ormo."  Proo. 5 t h  In to ra .  C o d .  om A r t i f l o l a 1  
Iatolll#omoo. pp. 717-722, 1977. 
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Figure 1. Tri-level Hierarchical Control of D u a l - A n  Robot 
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POSITION FEEDBACK 

Figure 2. .Position-Position Control Strategy 



POSITION FEEDBACK rn 

POSITION/FORCE FEEDBACK 

Figure 4. Position-Hybrid Control Stntegy 
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Figure 5. Adaptive Force Control Systi.m 
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Figure 6. Hybrid Positiodhrcc Control System 
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Figure 7. Hybrid-Hybrid Control Strategy 
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